Peninsular India (PI), which lies south of 24
Introduction
The importance of estimating seismic hazards in Peninsular India (PI), which is an intra-plate region, needs no special emphasis. The frequent occurrence of devastating earthquakes in this part of India has been a reminder that engineers have to use seismological approaches to estimate region specific design ground motion, instead of relying on rules of thumb and ad hoc seismic zones. However, analytical source mechanism models are not simple enough to be directly applicable in engineering problems. There have been attempts to develop semi-empirical approaches, based on the available database, that can be projected to the future in a statistical sense. Popularly, ground motion and the consequent hazards are described in terms of peak ground acceleration (PGA). However, it is well recognized that PGA does not uniquely influence damage in man-made structures. Hence, engineers prefer the response spectrum as a better descriptor of seismic hazard. This is a frequency domain representation of the ground motion, having the additional advantage of providing the design engineer with an insight into how structures made of different materials behave under a postulated earthquake event. The response spectrum is also directly applicable in structural response analysis. In engineering analysis and design, the need is to know the ground motion due to all causative sources in a region of about 300 km radius around a given site. However in India, engineers have been using a standard spectral shape as recommended by the code IS-1893 IS- (2002 all over the country, modified only by a zone factor as a proxy to peak ground acceleration (PGA). Such an approach neither recognizes the seismo-tectonic details of the region nor accounts for the risk associated with the standard response spectrum. Hence, the planned design life of structures cannot be rationally regulated by the existing earthquake hazard. Clearly, underestimation of hazard leads to questionable safety margins, whereas overestimation makes the projects uneconomical. Thus, social goals suffer in either case. It is in this context that probabilistic seismic hazard analysis (PSHA) has become indispensable when addressing engineering safety issues in terms of quantified risk levels. The expected site PGA and the response spectrum with a specified return period or risk can be derived from PSHA. Such a response spectrum, which has the same return period at all frequencies, is known as a uniform hazard response spectrum (UHRS). In order to obtain a UHRS, one has to develop regional ground motion equations relating spectral amplitudes to magnitude and distance. Due to lack of strong motion data, no equation for estimating ground motion was available for use in Peninsular India (PI) . With this in view, Iyengar and Raghukanth (2004) investigated attenuation of PGA in PI through the stochastic seismological model of Boore (1983) . Previously, for central and eastern United States (CEUS), where strong motion data are scarce, Boore and Atkinson (1987) , have used seismological models to predict characteristics of ground motion. In the present study, this approach is applied to derive empirical equations for 5% damped response spectra, corresponding to bedrock conditions in PI. The results of the derived equation are compared with instrumental data from the Koyna earthquake (M w = 6.5) of 11 December 1967 and the Bhuj earthquake (M w = 7.7) of 26 January 2001. Correction factors are also found for various other sites defined in terms of the average shear wave velocity in the top 30 meters (V 30 ) of the soil. This new empirical relation will be useful in prescribing design response spectra for structures in PI.
Seismological model
A critical review of the available strong motion data in PI has been presented previously by Iyengar and Raghukanth (2004) . Figure 1 presents the available data in PI as a function of magnitude and epicentral distance. This brings out the existing deficiency in the database of PI from the engineering point of view. Ideally, multiple strong motion accelerogram (SMA) data from the same event should be available for distances varying from zero to 300 km. In addition, magnitude values ranging from 4 to 8 should be covered at reasonable increments. PI is similar to many other stable continental regions (SCR) of the world where data are scarce and not representative of the existing hazards. Attenuation equations in such regions have to be based on simulated ground motions instead of past recordings. The theory and application of stochastic seismological models for estimating ground motion has been discussed by Boore (1983 Boore ( , 2003 . Briefly, the Fourier amplitude spectrum of ground acceleration A(f ) is expressed as
Here, C is a scaling factor, S(f ) is the source spectral function, D(f ) is the diminution function characterizing the quality of the region, P (f ) is a filter to shape acceleration amplitudes beyond a high cut-off frequency f m, and F (f ) is the site amplification function. In the present study, for the source, the single corner frequency model
of Brune (1970) is used, where the corner frequency f c , the seismic moment M 0 and the stress drop Δσ are related through
Here the shear wave velocity V s in the source region, corresponding to bedrock conditions, is taken as 3.6 km/s. The diminution function D(f ) is defined as
in which G refers to the geometric attenuation and the remaining term denotes anelastic attenuation. r is the hypocentral distance and Q is the quality factor of the region. The high-cut filter in the seismological model is given by
Here, f m controls the high frequency fall-off of the spectrum. The scaling factor C is
where R θφ is the radiation coefficient averaged over an appropriate range of azimuths and takeoff angles and ρ is the density of the crust at the focal depth. The coefficient √ 2 in the above equation arises as the product of the free surface amplification and partitioning of energy in orthogonal directions. Following the work of Singh et al (1999) , the geometrical attenuation term G, for the Indian shield region, is taken to be equal to 1/r for r < 100 km and equal to 1/(10 √ r) for r > 100 km. PI can be broadly divided into three regions, as far as the quality factor Q is concerned (Iyengar and Raghukanth 2004) . Mandal and Rastogi (1998) have found Q for the Koyna-Warna (K-W) region to be 169f 0.77 . For the southern India (SI) region Q is 460f 0.83 and for the Western-Central (W-C) region Q is reported to be 508f 0.48 (Singh et al 1999) . These three regions, which make up PI are shown in figure 2. The seismological model is implemented in the time domain in each region through computer simulation, consisting of three steps (Boore 1983 (Boore , 2003 . First, a Gaussian stationary white noise sample of length equal to the strong motion duration (Boore and Atkinson 1987) ,
is simulated. Second, this sample is multiplied by the modulating function of Saragoni and Hart (1974) to introduce non-stationarity and then Fourier transformed into the frequency domain. This Fourier spectrum is normalized by its rootmean-square value and multiplied by the terms of equation (1), derived from the seismological model. Third, the resulting function is transformed back into the time domain, to get a sample of acceleration time history. For calculating spectral accelerations S a , the generated acceleration time history is passed through a single degree-offreedom oscillator with damping coefficient equal to 0.05. This way an ensemble of acceleration time histories and corresponding response spectra are obtained. The acceleration samples are conditioned on a given set of model parameters, which are by themselves uncertain. Thus the generated samples will not still reflect all the variability observed in real ground motion. To account for this, important model parameters, namely stress drop, focal depth (h), f m and the radiation coefficient, are treated as uniformly distributed random variables. The stress drop is taken to vary between 100 and 300 bars (Singh et al 1999) . The focal depth is taken as a uniform random variable in the range 5-15 km. Based on limited past strong motion data recorded at Koyna (Krishna et al 1969) and at Khillari (Baumbach et al 1994) , the cut-off frequency is taken in the interval 20-25 Hz. Following Boore and Boatwright (1984) , the S-wave radiation coefficient is taken in the interval 0.48-0.64. Spectral acceleration values are simulated for moment magnitude (M w ) ranging from 4 to 8 in increments of 0.5 units. The distance parameter is varied in intervals of log 10 (r epi ) = 0.13, where r epi stands for the epicentral distance. The combinations of M w and r epi are presented in table 1. A lower limit on the epicentral distance has to be imposed since the present model is based on point source assumption. The number of distance samples considered for each magnitude is also shown in table 1. In all, there are 101 pairs of magnitudes and distances. For each magnitude, 100 samples of seismic parameters are used. Thus, the database consists of 10, 100 S a samples from 900 simulated earthquakes.
Spectral acceleration values are computed for 27 natural periods presented in table 2. This synthetic database is generated separately for K-W, W-C and SI regions of PI using their respective quality factors.
Ground motion equations
Attenuation of S a with respect to magnitude and distance is central to hazard analysis. The attenuation equation chosen for PI is similar in form to 
In the above equation, y br = (S a /g) stands for the ratio of spectral acceleration at bedrock level to acceleration due to gravity. M and r refers to moment magnitude and hypocentral distance respectively. The coefficients of the above equation are obtained from the simulated database of S a by a two-step stratified regression following Joyner and Boore (1981) . The average of the error term ln(ε br ) is zero, but the standard deviation is of importance in probabilistic hazard analysis. The regression coefficients and the standard error σ(ln ε br ) are reported in table 2(a, b, c).
As an illustration, for M w = 6.5, the 5% damped response spectra on bedrock, corresponding to two hypocentral distances are shown in figure 3. This value of M w is chosen as a typical design basis event possible anywhere in PI. There is considerable similarity in the shape of the response spectrum of all three regions. At large distances, attenuation is smaller at the low frequency end of the spectrum in SI. However, in the frequency range 0.2-10 Hz, of interest in building design, the spectra are not sensitive to variation in the Q-factor. Hence, it would be convenient to have a single composite formula for PI. The three regions K-W (84, 950 km 2 ), W-C (3, 39, 800 km 2 ) and SI (4, 24, 750 km 2 ) cover PI in the ratio 1:4:5. With this in mind, new spectral acceleration samples have been generated from the three regional populations in the above ratio to create a new synthetic database representative of PI in general. This contains 10, 100 samples as before, covering the same magnitude and distance ranges. For the chosen attenuation relation of equation (8), the parameters obtained by regression along with the standard error, for PI are reported in table 3. The above results are valid at the bedrock level, with V s nearly equal to 3.6 km/s. For other site conditions, they have to be modified as follows. A-2 C -Clay; R -Rock; S -Sand; Q values are included in the damping ratio curves (Idriss and Sun 1992) . V s values sampled from the region. In addition to uncertainties in magnitudes and hypocentral distances, one has to consider the variations in local soil properties for estimating spectral accelerations at the ground surface. Any number of combinations can lead to the same V 30 because this is an average value. Thus, for a specific site, precise correction of the bedrock results will be possible only when the soil section data are available, including the variation of V s with depth. However, when one is interested in a broad region like PI and the purpose is to develop a general design response spectrum, statistical simulation is a viable alternative. A random sample of ten profiles in each site category A, B, C and D is selected for further study. These are realistic because they are drawn from actual borehole data from project sites in the country. In table 4 (a, b, c, d) a few typical samples of such profiles are presented. The details of B, C and D type soil profiles are likely to vary widely according to the region. Here it is assumed that these are lying above A-type rock layers specific to the region. Modification between bedrock and A-type sites is a linear problem in one dimension and for such sites amplification can be found directly by the quarter-wavelength method of Boore and Joyner (1997) . However, for B, C and D-type profiles soil layering, viscoelastic properties and nonlinear effects are important. These can be handled with the software SHAKE91, which requires the basement rock to be of A-type. The shear modulus reduction ratio and damping ratio curves for clay, sand and rock are taken as given by Idriss and Sun (1992) . Acceleration time histories are first generated for A-type rock profiles and used as input to B, C and D-type profiles. The site coefficient F s , (s = A, B, C, D) defined as the ratio of spectral acceleration at the surface to the bedrock value is determined for all the previous 27 natural periods. An important aspect of soil amplification studies is the possibility of reduction of S a values between the bedrock and surface due to softening of soil layers. To highlight this effect, the dependence of site coefficient is shown for S a at zero period with respect to the corresponding bedrock value in figure 4. This is the ratio of the surface PGA to the bedrock value. It can be observed that F A and F B the site coefficients for A-and B-type soils respectively are randomly scattered, indicating that these are nearly independent of the bedrock values. However, site coefficients for C-and D-type sites exhibit strong dependence on bedrock values. This relation can be empirically expressed as,
where a 1 and a 2 are the regression coefficients and δ s is the error term. These coefficients along with the standard deviation of ln δ s are presented in (8), the average 5% response spectrum can be easily found for any A, B, C and D-type site in PI from the expression
It is found numerically that the error terms ε br and δ s are uncorrelated. Hence, the deviation of y s from its mean in terms of ε s is characterized by the standard deviation,
As an example of using the present theory, in figure 5 the average response spectra for an event of magnitude M w = 6.5 occurring at a hypocentral distance of 35 km and 100 km are presented for four different site conditions. As the site changes from A to D, the shift of the predominant frequency from higher to lower values is clearly indicated in this figure.
Comparison with other investigations
Toro et al (1997), ), Campbell (2003 and Atkinson and Boore (2006) have Table 5 . Coefficients for including local site condition. proposed empirical relations based on seismological models to investigate attenuation of bedrock motion in eastern north America. Among these relations, the empirical equation proposed by Atkinson and Boore (2006) is based on the stochastic finite fault model. The other three relations are based on the point source, single-corner frequency spectral model of Brune (1970) which is the same as used in this present study. In figure 6, the PI response spectrum, for M w = 6.5 under bedrock conditions is plotted along with the results of the above authors. All the results peak at high frequencies, which is characteristic of intraplate regions. The differences observable in the figures are mainly attributed to the different quality factors, stress drop ranges and the definition of source-to-site distance. The differences in the spectral values between Atkinson and Boore (2006) and PI relation can be attributed to the point source assumption in the seismological model used in this figure 7 the response spectrum computed analytically from the attenuation equations (8) and (10), is compared with the average of the response spectrum of the two horizontal components. The instrumental spectrum compares favourably with the predicted mean spectrum, with fluctuations within the sigma band. Recorded time history exhibits the presence of high frequencies (Krishna et al 1969) , which is reflected well in the predicted spectrum. The Kutch earthquake produced data on structural response recorders (SRR) at thirteen stations. This directly gives S a at a particular period on the response spectrum corresponding to local site conditions. In figure 8 (a, b) SRR data for two natural periods, 0.4 s and 0.75 s at 5% damping are compared with the present estimates corrected for actual soil conditions as reported by Cramer and Kumar (2003) . Except at two stations, the overall comparison between the predictions and the observed values are favourable. The reasons for large deviations at the outlier points needs further investigations on local site conditions and accuracy of the records.
Discussion
In the absence of a sufficient number of instrumental data in PI, design response spectrum has to be estimated through simulation of seismological models. The advantage of this approach is that one can account for epistemic uncertainties associated with important parameters such as stress drop, focal depth, and corner frequency. The onedimensional nature of the model introduces a constraint on the hypocentral distance below which the results may not be applicable. This will not be a serious limitation in a region like PI, wherein the faults are deep and of short length. PI is not homogeneous with respect to the Q-factor and hence three different sets of results are presented in table 2 (a, b, c) for better accuracy. The standard error σ (ln ε br ) in the three cases is nearly equal. S a is not very sensitive to inter-regional variations except at large distances. Having a composite formula for attenuation of S a for the whole of PI has distinct advantages in preliminary engineering studies, but this makes the standard error to increase as seen in table 3. It has been verified that for the Koyna earthquake response spectrum, both the PI model and the regional K-W model give almost the same results. However, recorded spectral attenuation data from Kutch earthquake matches better with the W-C regional model than with the broad PI model. Hence, in situations where the location of the site is given or when an existing important structure such as a nuclear power plant has to be studied, the appropriate regional attenuations should be used. The single most important factor influencing response spectra is the local soil condition. As a help to incorporate this effect in S a estimates, here several different combinations of site conditions specific to PI in terms of V 30 are investigated. The transfer function F (f ) in equation (1) for A, B, C, D-type local site conditions, with ten samples in each group, is shown in figure 9 (a, b, c, d) to demonstrate the effects of soil layering. The progressive shift of the predominant high frequency peak in S a to lower frequencies can be accounted by modeling F (f ) realistically. As the nonlinear behaviour of soft soil layers come into effect, the surface PGA value may sometimes get reduced with respect to the bedrock value as seen in figure 4. Here, it would be interesting to compare the present site coefficients with those given by NEHRP (BSSC 2001) . Such a comparison is presented in tables 6(a) and 6(b) for two natural period values. B-type site is taken as the reference site with coefficient of unity at all periods. It is seen that the two sets of coefficients match closely for A-type sites. For C-type sites, the present values are higher than NEHRP values by 10%-30%. On the other hand, at the long period point of 1 s the present coefficients are considerably less than the NEHRP values. The higher value obtained here at 0.3 s is tentatively attributed to the lower damping values as presumed following the data of Idriss and Sun (1992 IS-1893 IS- (2002 scaled by a zonal factor presumably representing the expected PGA in the zone. The BIS code recommends normalized spectrum shape for rock and soil conditions as being valid all over India for all magnitudes and hypocentral distances. It is interesting to compare these code spectra with the present results. The normalized analytical spectral shape corresponding to equations (8) and (10) can be obtained by considering M and r as random variables. Here the moment magnitude M is taken as exponentially distributed between 5 and 8. The distance term is distributed as a uniform random variable between 30 and 300 km. The average spectra is scaled to unit PGA and presented in figure 10 along with the recommendations of IS-1893 IS- (2002 . It is seen that the spectra recommended in the code have serious limitations as far as their applicability to PI is concerned. The rock site of IS code is between C and D-type with V 30 being less than 760 m/s. For rock sites that are commonly met in PI, the code spectrum underestimates seismic forces on high frequency structures. On the other hand, at soft soil sites the code overestimates forces on long period structures, such as tall buildings.
Summary
Understanding spatial variations of ground motion due to strong earthquakes is an important engineering problem. This is particularly so in assuring safety of important structures such as dams, bridges and nuclear power plants. Due to the scarcity of data, this problem is not tractable from purely instrumental records in intra-plate regions. The present paper addresses this issue with reference to PI through computer simulation based on a stochastic seismological model. A new empirical attenuation relation has been proposed for generating design response spectra for engineering structures in PI. The approach is validated by comparing analytical results of the present model with instrumental data of two strong earthquakes in PI.
Results are presented in a form directly applicable in probabilistic seismic hazard analysis. Effect of local site condition is included in the investigation. A comparison of the present analytical results with the recommendations of the Indian code IS-1893 brings out the limitations of the code as applied to an arbitrary site in PI.
